Ulcerative colitis (UC) is a chronic disease associated with long periods of quiescent disease followed by fulminant exacerbation. Imminent relapse in UC is associated with high mucosal expression of suppressor of cytokine signaling 3 (SOCS3); hence, knowledge of the mechanisms driving mucosal SOCS3 expression may provide important clues as to rational therapy. Thus, here we aim to characterize the molecular forces driving SOCS3 expression in the mucosal compartment, focusing on druggable pathways. The colon epithelial cell line Caco-2 was stimulated with interferon (IFN)-γ, interleukin (IL)-4 or prostaglandin E 2 (PGE 2 ) to allow correlations between SOCS3 expression with signal transducer and activator of transcription 1 (STAT1), STAT6 and adenosine 3′,5′-cyclic monophosphate (cAMP) signaling, respectively. The physiological relevance of the findings obtained was assessed by immunohistochemical staining for the activated forms of STAT1, STAT6, protein kinase A (PKA)-Cγ and cAMP response elementbinding protein (CREB) in biopsies from inactive UC patients and controls. Stimulation with IFN-γ, IL-4 or PGE 2 induced activation of STAT1, STAT6 and cAMP, respectively, in colonic cells, without any signs of concomitant STAT3 activation. Forced activation of all these signaling pathways was sufficient for SOCS3 expression. Biopsies from patients with inactive UC showed significant increase of phosphorylated STAT1 (p-STAT1) (p < 0.0001), p-STAT6 (p = 0.0001), p-PKA-Cγ (p = 0.0003) and p-CREB (p = 0.0025) expression compared with controls. STAT3-independent SOCS3 induction in inactive UC involves multiple proinflammatory signaling pathways and contradicts the usefulness of pathway-specific antiinflammatory drugs for preventing relapse. Our findings suggest that broad-spectrum antiinflammatory drugs are essential to counteract increases in SOCS3 expression and exacerbation of disease. Our results highlight the multifactorial nature of the factors that cause exacerbation in UC.
INTRODUCTION
Ulcerative colitis (UC) is a chronic inflammatory bowel disease, characterized by alternating periods of remission and relapse. Although the majority of studies focus on the pathways that drive active inflammation, it can be argued that the development of strategies focusing on remission maintenance is the larger clinical challenge in the management of this disease (1) . Nevertheless, the insights into the molecular mechanisms that cause the colonic mucosa to relapse after prolonged periods of quiescent disease remain largely unknown, prompting further investigation.
We previously reported that an increase of mucosal suppressor of cytokine signaling 3 (SOCS3) protein levels in colonic epithelium in biopsies otherwise devoid of signs of a mounting inflammatory reaction is a highly reliable predictor of upcoming relapse (2) . This result suggests a causative role of increased SOCS3 expression for disease exacerbation. The main biochemical target for SOCS3 appears to be signal transducer and activator of transcription 3 (STAT3), a pivotal immunoregulatory molecule in intestinal epithelial cells (IECs) involved in controlling proliferation during homeostasis as well as tissue repair (3) (4) (5) (6) . Characterization of the molecular mechanisms that drive SOCS3 expression in the mucosal epithelium of UC patients is of utmost importance for both our fundamental understanding of processes driving UC relapse and for devising rational strategies for its prevention.
Analysis of the molecular structure of the genetic elements in the SOCS3 pro-moter that drive transcription of the gene can already provide important clues as to mechanisms potentially involved here. The SOCS3 promoter contains two putative STAT-response elements (SREs): a GC-rich region and an APETALA1/ adenosine 3′,5′-cyclic monophosphate (cAMP)-response element (AP1/CRE) region (Fig ure 1) (7, 8) . It is known that in response to interferon (IFN)-γ, a Th1 cytokine expressed during UC remission (9) , Janus kinases associated with the IFN-γ receptor complex phosphorylate the latent transcription factor STAT1 (phosphorylated STAT1 [p-STAT1]) at plasma membrane and then translocate to the nucleus on homodimerization. In the nucleus, p-STAT1 transactivates a variety of gene products, including SOCS3 expression, through binding to the SREs such as those present in the SOCS3 promoter (10, 11) . The importance of STAT1 activation for epithelial SOCS3 expression, both in colonic epithelium in general and during UC in particular has, however, not been addressed. The SREs in general are also capable of binding p-STAT6 homodimers, which are generated as a cellular response to Th2 cytokines such as IL-4 or IL-13 (12) . Because UC is regarded as a Th2-mediated disease, STAT6 activation would be especially responsible for SOCS3 induction, but again this has not been investigated. In addition, p-STAT5 homodimers should be able bind and transactivate SREs, but the methylation of STAT5 observed in UC patients suggests that it is an unlikely activator of SOCS3 expression (13) . In total, however, the existing body of biomedical literature suggests different STATs are potential mediators for driving SOCS3 expression in UC, provoking relapse, and their function needs to be addressed.
Beside SREs, the transcription factors that bind to the AP-1/CRE binding element of the CG-rich element could also be involved in increased IEC SOCS3 expression. Recently, prostaglandin E 2 (PGE 2 ) was demonstrated to induce SOCS3 expression in breast cancer cells via the activation of cAMP and then the AP-1/CRE region in the SOCS3 promoter (8, 14) . In the latter pathway, the downstream cAMP-dependent protein kinase A (PKA) is activated by the binding of cAMP to the regulatory subunit and releasing of catalytic subunits (PKA-C) (15, 16) . In UC patients and experimental colitis, PGE 2 expression was increased and related to the severity of colitis (17, 18) , which may contribute to the SOCS3 induction.
Because SOCS3 expression is an essential step in the sequence of events leading to relapse of UC, preventing SOCS3 expression seems to be a rational strategy in the clinical management of inflammatory bowel disease. Devising such a strategy requires knowledge as to which signaling pathways are dominant in about-torelapse UC patients with respect to SOCS3 induction. The promoter analysis of SOCS3 in the context of the current body of biomedical literature suggests that the STAT1 pathway, the STAT6 pathway or cyclooxygenase-dependent cAMP signaling may be important. Importantly, all of these pathways are druggable and thus offer the possibilities for therapeutic intervention. Hence, our aim was to investigate the pathways involved in the induction of SOCS3 in IECs and their functionality in quiescent UC.
MATERIALS AND METHODS

Patients and Biopsies
This study was approved by the ethical committee of the Erasmus MC Rotterdam. After gaining informed consent, biopsies from UC patients were obtained during colonoscopies from March to June 2009. Only patients with a diagnosis of UC over more than 1 year and in remission for at least 3 months were included. The diagnosis of UC was based on con- [8] , [10, 11] , and [12] : references (8), (10, 11) , and (12), respectively.
ventional clinical, endoscopic and histological criteria, as described by LennardJones (19) . Inactive UC was defined as patients in 3-month clinical remission without endoscopic abnormalities and with a Geboes histology score of 0 or 1 (20) . Demographics and current medical therapy were noted. Colonic biopsies from non-UC patients without abnormalities at colonoscopy and no history of gastrointestinal disease served as controls. Patient characteristics are summarized in Table 1 .
Cells and Reagents
Caco-2 cells were grown into a fully differentiated and confluent monolayer in transwells for 18-21 d. They were cultured in Dulbecco's modified Eagle medium, supplemented with fetal calf serum and 10% (v/v) penicillin and streptomycin, at 37°C in a humidified atmosphere containing 5% CO 2 . Cells were stimulated with IL-6 (100 ng/mL; Cell Signaling, Danvers, MA, USA; #8904), IL-4 (10 ng/mL; R&D, Minneapolis, MN, USA; 204-IL), PGE 2 (250 ng/mL; SigmaAldrich, St. Louis, MO, USA; P5640) or IFN-γ (1,000 U/mL; R&D). Each condition was repeated in three independent experiments.
RNA Isolation and RT-PCR
Total RNA was isolated from cell lines using TRIzol (Sigma-Aldrich). RNA pellets were resuspended in RNAse free water, and total RNA concentrations were determined by nanodrop. RNA (1 μg) was reversely transcribed using an iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). Quantitative polymerase chain reactions (qPCRs) were performed by using a real-time PCR kit, SensiMix™ SYBR & Fluorescein Kit (Quantace, London, UK), in a total volume of 25 μL containing 10-pmol primers. qPCR was performed in an IQ5 (Bio-Rad) with 40 cycles of amplification (15 s at 95°C, 15 s at 60°C and 15 s at 72°C). GAPDH served as a household gene. The primers 5′-TCTGT CGGAA GACCG TCAAC-3′ (sense) and 5′-GGTCC AGGAA CTCCC GAATG-3′ (antisense) were used to amplify SOCS3.
The primers 5′-GCATT GCCCT CAACG ACCAC-3′ (sense) and 5′-CCACC ACCCT GTTGC TGTAG-3′ (antisense) were used to amplify GAPDH (both from Isogen Biosolutions, Hyderabad, India). Presented data are the ratio between SOCS3 and GAPDH mRNA deltaCt. For the cytokine measurements in Figure 2 , biopsies were directly lysed in Tripure (Roche, Basel, Switzerland) for RNA extraction, according the manufacturer's protocol. After the Tripure extraction, the RNA samples were purified using the RNA II extract kit from Macherey Nagel (Bioke, Leiden, the Netherlands) according to the manufacturer's protocol. cDNA was created from 500 ng RNA using the iScript cDNAse kit (Bio-Rad). Gene expression of Ywaz (forward, ACTTT TGGTA CATTG TGGCT TCAA; reverse, CCGCC AGGAC AAACC AGTAT), IL-8 (forward, CACTG CGCCA ACACA GAAAT TA; reverse, ACTTC TCCAC AACCC TCTGC AC) and IL-1β (forward, CCCTA AACAG ATGAA GTGCT CCTT; reverse, GTAGC TGGAT GCCGC CAT) were measured by using qPCR (IQ5; Bio-Rad). Gene expression is plotted as fold change by using the deltaCt method. The data from patients with nine pieces of colonic biopsies were averaged. All qPCRs were at least performed in duplicate.
Western Blot
Total cell lysates were prepared, and Western blot was performed as described earlier (21) . Transfer membranes (Immobilon-FL, pore size 0.45 μm) were probed with primary antibodies specific for SOCS3 (rabbit polyclonal; Abcam, Cambridge, UK; ab16030), p-STAT3 (Cell Signaling; #9145), p-STAT1 (Cell Signaling; #9167), p-STAT6 (Cell Signaling; #9361), p-PKA-Cγ (Abcam; ab75991) and p-cAMP response element-binding protein (p-CREB) (Cell Signaling; #9198). β-Actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA; E0610) was used as a reference protein. Horseradish peroxidase (HRP)-labeled goat anti-rabbit (channel 680 and 800) and goat anti-mouse antibodies were used as secondary antibodies (LI-COR Biosciences, Lincoln, NE, USA). Transfer membranes were incubated with antibodies and washed in 50-mL sterile centrifuge tubes and light protection centrifuge tubes (Greiner Bio-One, San Francisco, CA, USA). Protein expression was visualized using a fluorescence Odyssey system (LI-COR Biosciences). Quantitative expression was determined by Odyssey 3.0 software and normalized by using β-actin and α-tubulin as a reference.
Immunohistochemistry Staining and Scoring
All biopsies were fixed in 10% formalin and embedded in paraffin. Hematoxylin and eosin staining on paraffin-embedded biopsies was performed to confirm lack of inflammation. Sections (4 μm) were mounted onto Superfrost Plus slides (Thermo Scientific, Waltham, MA, USA), deparaffinized in xylene and rehydrated. The endogenous peroxidase activity was blocked by 3% H 2 O 2 in methanol for 15 min at room temperature. Antigen retrieval was performed by boiling in a preheated buffer (EDTA, pH 8.0, for p-STAT1 and p-STAT6; Tris/EDTA, pH 9.0, for PKA-Cγ; citric acid, pH 6.0, for p-CREB) for 15 min at 200 W in a micro wave. Next, slides were transferred to Shandon chambers and blocked by 5% goat serum in Tris-buffered saline (TBS) and 0.1% Tween 20 for p-STAT1, p-STAT6 and p-CREB; 10% normal human serum and 10% goat serum in phosphate-buffered saline (PBS), pH 7.4, was used for PKA-Cγ for 1 h at room temperature. The primary antibodies rabbit polyclonal anti-p-STAT1 (1:400; Cell Signaling; #9167), anti-p-STAT6 (1:100; Abcam; ab28829), rabbit monoclonal anti-PKA-Cγ (1:250; Abcam; ab75991) and rabbit monoclonal anti-p-CREB (1:400; Cell Signaling; #9198) were added and incubated at 4°C overnight. Envision goat anti-rabbit/ mouse-HRP (DAKO, Glostrup, Denmark) was used as the secondary antibody. Immunoreactions were detected by using 3-3-diaminobenzidine (10 mg/mL) in 0.05 mol/L Tris-HCl, pH 7.6, containing imidazole stock (0.068 g/10 mL) and 0.03% H 2 O 2 , followed by counterstaining with hematoxylin. Negative controls were performed by using only the sec- ondary antibody. Two experienced people scored the staining of epithelial cells in a blinded manner; discrepancies were reassessed to reach agreement. The percentage of cells that stained positive (immunoreactivity above background) in the area consistent with that used for diagnoses was quantified. P-STAT1, p-STAT6, PKA-Cγ and p-CREB were counted for nuclear staining in epithelial cells.
Statistical Analysis
Statistical analysis was performed by using SPSS software, version 15.0. Data were presented as means ± standard deviation (SD). The difference between each two groups was determined by a Mann-Whitney U test. The relationship between p-STAT1-, p-STAT6-and PKA-Cγ-positive IECs were determined by Spearman correlation testing. p Values <0.05 were considered statistically significant.
All supplementary materials are available online at www.molmed.org.
RESULTS
Patient Characteristics
In total, biopsies from 17 patients with inactive UC were included. There were eight men (47.1%) and nine women (52.9%) with a mean age of 45.0 (± 12.0) years and a disease duration of 17.7 (± 9.8) years. The control group consisted of six men and three women with a mean age of 39.6 (± 17.8) years. There were no significant differences in patient sex and mean age between groups of control and inactive UC patients (Table 1) . We concluded that our patient cohort is suitable for making meaningful comparisons between UC and controls with respect to the factors driving SOCS3 expression.
STAT1, STAT6 and cAMP Signaling Induce STAT3-Independent SOCS3 Expression In Vitro
We aimed to identify druggable pathways driving mucosal SOCS3 expression in UC that is about to relapse (Supplementary Figure S1 ), taking cues from the genomic makeup of the human SOCS3 promoter (7, 8, 10, 12 ) (see Figure 1) . Theoretically, SRE in the SOCS3 promoter can bind and become transactivated by p-STAT1 homodimers as well as p-STAT6 homodimers, but whether they can do so in the context of the human intestinal epithelium has not been investigated. Hence, Caco-2 cells were treated with IFN-γ (the canonical activator of STAT1 signaling) and IL-4 (the classical stimulus upstream of STAT6), respectively (see Figure 1) . First, we confirmed that the different cytokines activated their specific signaling pathways in IECs. IFN-γ induced the phosphorylation of STAT1 (p < 0.05) without affecting STAT6 or STAT3 (Figures 2A-C) . IL-4 induced the phosphorylation of STAT6 (p < 0.05) without affecting STAT1 or STAT3 (see Figures 2A-C) . IL-6 was used as a positive control and increased STAT3 as well as STAT1 phosphorylation (p < 0.05) (see Figures 2A-C) . In addition to the SREs, the promoter region of SOCS3 also contains an AP-1/CRE binding site, which is a well-known downstream target of cAMP signaling. To see whether cAMP-mediated signal transduction could induce SOCS3 expression, Caco-2 cells were stimulated with PGE 2 (see Figure 1) . Stimulation with PGE 2 induced p-PKA and p-CREB expression (p < 0.05) ( Figure 2D ). The specificity of this effect was highlighted by the apparent absence of a concomitant effect on STAT3 phosphorylation ( Figure 2E ). Importantly, IFN-γ and IL-4 as well as PGE 2 all provoked increased SOCS3 expression at both the mRNA level and the protein level (p < 0.05) ( Figures 3A, B) , and this result corresponded with lower levels of IL-8 and virtually unchanged levels of IL-1β in the inactive UC biopsies (p < 0.05) compared with active ones. These cytokines are not involved in SOCS3 induction in the inactive stage. Thus, multiple signaling pathways are capable of driving SOCS3 expression in IECs in vitro, and experiments were initiated to address the importance of these pathways for SOCS3 expression in UC in vivo.
Active STAT1 and STAT6 Signaling in IEC of Patients with Inactive UC
The assess whether STAT1 and/or the STAT6 signaling pathways are active in UC biopsies, biopsies displaying a high level of SOCS3 expression were selected and compared with biopsies with low SOCS3 expression with respect to p-STAT1 and p-STAT6 levels ( Figures 4A,  B) . Quantification of the percentage of positive IECs in each biopsy showed a significantly increased expression of both p-STAT1 (p < 0.0001) and p-STAT6 (p = 0.0001) in biopsies with high SOCS3 expression ( Figures 4C, D) . Thus, these data provide evidence that active STAT1 and STAT6 signaling might be involved in the high SOCS3 expression in IEC of inactive UC patients.
Active cAMP Signaling in IECs of Patient with Inactive UC
The same biopsies were also stained for p-PKA-Cγ and p-CREB as markers of active cAMP signaling (Figures 5A, B) . Analysis of this staining showed significantly increased percentages of p-PKA-Cγ-positive (p = 0.0003) and p-CREBpositive (p = 0.0025) IECs in biopsies from patients with high SOCS3 expression compared with control biopsies (Figures 5C, D) . These data show that the cAMP signaling pathway may also be involved in high SOCS3 expression in IECs of inactive UC patients with about-torelapse disease.
No Significant Correlation between Three Signaling Pathways and Medicine Use
To check whether the signaling pathways were mutually exclusive or had corresponding expression, we correlated the expression between the different stainings within the biopsy from the same patient. In the biopsies of inactive UC, no significant correlation was found between the different parameters (all p > 0.05) (data not shown). We further compared the medication use with the signaling pathways that were dominant in each patient. However, when we subidentified the signaling activities according to different medicine use in these patients, no significant difference was found between these signaling activities and different medicine users (data now shown).
DISCUSSION
In the current study, we show that SOCS3 expression can be induced in IECs via the STAT1, STAT6, or cAMP pathway independent of STAT3. We found that the same pathways were active in IECs of colonic biopsies from UC patients with inactive disease and with high SOCS3 expression. These data provide new insight into the mechanism involved in induction of SOCS3 expression.
Mice lacking IL-6/gp130/p-STAT3 signaling were more sensitive to chemically induced colitis because of reduced IEC survival and proliferation (4, 5) . In addition, transgenic SOCS3 expression in epithelial cells negatively affected STAT3-dependent wound healing (22) . These data suggest that because of the high SOCS3 expression, normal STAT3 signaling is impaired and could lead to enhanced vulnerability of IECs (23), which could promote the development of UC or at least enhance the risk for UC relapse, as we have recently seen (2) .
By determining the STAT response element involved in the activation of the SOCS3 promoter, it was reported that the induction of the SOCS3 reporter gene by IFN-γ and IL-4 depended on a STATbinding sequence because STAT-specific mutation or knockdown by siRNA totally abolished the responsiveness of SOCS3 to IFN-γ and IL-4 (10, 24) . Our observation of enhanced p-STAT1 and SOCS3 expression in biopsies of patients with inactive UC and the IFN-γ-induced SOCS3 expression via p-STAT1 in vitro are consistent with the previous detection of increased levels of IFN-γ and STAT1 in UC pouchitis patients without clinical and endoscopic evidence (9) . It was shown in vascular endothelial cells that IFN-γ-induced SOCS3 expression selectively inhibits IL-6-induced STAT3 activation and IL-6-dependent expression of antiinflammatory, but not proinflammatory, target genes. In turn, other proinflammatory genes are even more increased (25) . This IFN-γ-induced proinflammatory phenotype via the activation of SOCS3 represents a novel mechanism of IEC inflammation. However, IFN-γ was not shown to be upregulated in any other studies looking at gene or protein expression in biopsies of patients with inactive UC. In addition, not much is known about their prediction during remission, which would be interesting to investigate.
CONCLUSION
In our study, we showed for the first time that IL-4 induced STAT6 phosphorylation and subsequent SOCS3 expression in IEC, and p-STAT6 combined with high SOCS3 is expressed in the biopsies from UC patients with inactive disease. These data fit with the STAT6-dependent induction of SOCS3 by stimulation keratinocytes by combining IL-4 and IL-13 (24) . Various reports have mentioned a balancing effect between STAT1 and STAT6 signaling, where IL-4 and IL-13 inhibit IFN-γ via the induction of SOCS1 and SOCS3 and vice versa (24, 26) . Unfortunately, because of the small patient groups, we did not see this effect in our biopsies.
In addition to STAT signaling, we also saw that PGE 2 -induced cAMP signaling can induce SOCS3 upregulation in IECs. Phosphorylation of PKA-Cγ and CREB was used as a readout for cAMP signaling, as demonstrated previously (8) . Our data also showed for the first time that cAMP signaling is active in IECs of UC patients with inactive inflammation, as detected by enhanced expression of p-PKA-Cγ and p-CREB expression. Although PGE 2 worked well as a positive control in our in vitro assays, it may not be the most likely candidate to induce the observed cAMP activity in biopsies. A recent study showed that PGE 2 was highly expressed in actively inflamed tissue (27) . In the same study, the proresolution mediator prostaglandin D 2 (PGD 2 ) and its receptor DP1 were expressed in biopsies of UC patients in remission (27) . This observation combine with the even stronger induction of cAMP by PGD 2 compared with PGE 2 make the PGD 2 a good candidate for the increased SOCS3 expression in some of the UC patients (28) .
No significant correlations were found between the different pathways, suggesting that multiple pathways could be active in the same in IECs in specific biopsies, obviously hampering targeted therapy. Nevertheless, our data provide evidence that STAT1, STAT6 and cAMP signaling activation may all be involved in SOCS3 expression in IECs. Because SOCS3 expression precedes exacerbation of disease in otherwise quiescent UC, these pathways provide interesting therapeutic targets for maintaining UC remission, but our findings that multiple pathways target the SOCS3 promoter raises important questions as to the pathway that actually mediates induction of SOCS3 in inactive colitis and is the best target for pharmacological intervention. IL-6 is a potent inducer of SOCS3 via STAT3, but previously we showed that neither IL-6 nor STAT3 was markedly upregulated in inactive colitis (23) , focusing attention on the alternative pathways investigated in the present study. In a prospective study by Lauritsen et al. (29) , in 23 patients with completely inactive disease, concentrations of PGE 2 were determined. In the group of patients with purified fecal and rectal dialysates at entry, no case with normal rectal PGE 2 concentration was associated with relapse in the short term, whereas in a group of five patients with increased PGE 2 , four displayed relapse of disease. Although the number of patients is small, this result would imply that PGE 2 -cAMP is a major contributor to the relapse marker SOCS3 induction. Our immunohistochemistry using a phosphorylation state-specific antibody that recognizes only the activated form of CREB would support that notion. However, whereas the strong STAT6 signaling observed in inactive UC indicates an important role for IL-4 signaling (a notion that is supported by the observed Th2 profile of inactive UC), levels of IL-4 are not increased in quiescent UC (30, 31) , suggesting that this pathway has a more contributing rather than critical action in relapse induction. Finally, although we observe strong expression of STAT1 in inactive UC, IFN-γ levels are associated with remission rather than active disease. Thus, in total, a picture emerges that not a single pathway is responsible for the driving relapse through SOCS3 expression but that this expression brought about the action of multiple pathways. In agreement, a study using a mushroom extract showed a potential benefit in suppressing STAT1 and STAT6 associated with IFN-γ and IL-4 expression in a model for UC, suggesting that targeting multiple pathways is a strategy forward (32) . Our findings suggest that broadspectrum antiinflammatory drugs are essential to counteract increases in SOCS3 expression and exacerbation of disease.
